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Upon addition of oleylamine to the Pt precursor complex, the
driving force for galvanic exchange drops considerably. Using the
Pt complex treated with 1 eq. OAm, 18% Pt relative to Ag is de-
posited after 24 h of GRR (Figure 6b). Within this morphologically
heterogeneous mixture, particles that remain spherical typically
comprise <5% Pt (Figure 7a). As the galvanic replacement pro-
ceeds, small Pt nanoparticles supported on the Ag-rich core are ob-
served at ~6-10% Pt, and major etching and distortion to the origi-
nal nanoparticle morphology are present at >15% Pt. XPS ele-
mental analysis of this sample shows lower Pt percentage (6%) rel-
ative to the bulk composition obtained using ICP (18%), likely due
to its morphological and compositional heterogeneity (Figure 6d)

At 2 eq. OAm, the exchanged nanoparticles now retain their
spherical morphology, and no secondary nucleation of Pt is ob-
served (Figure 6¢). On average, only ~1% Pt is present in the bulk
sample based on ICP-OES, and individual particles mapped using
STEM-EDS all comprise <1% Pt (Figure 7b, S14). XPS character-
ization of the surface composition reveals a ~4-fold higher Pt ele-
mental ratio compared to the bulk, consistent with deposition of a
Pt shell on the Ag core rather than secondary nucleation of pure Pt
particles (Figure 6d). High-resolution STEM-EDS mapping cor-
roborates the preferential deposition of Pt on the surface of the Ag
spheres (Figure 7b). At such a low concentration of Pt, the Pt shell
appears incomplete, consisting of few-layer Pt islands supported on
the Ag nanoparticles. XPS of the Ag 3d region corroborates the

relative immiscibility of Ag and Pt in the galvanically-exchanged
nanocrystals (Figure 6e). Minimal peak broadening is observed at
1 and 2 equiv. of OAm because the majority of Ag and Pt atoms
remain phase-segregated rather than alloyed in a solid solution
(Figure S15). Due to secondary nucleation of Pt nanoparticles, the
geometric HER activity is highest when the GRR is carried out with
pure PtBrs%, but the mass-normalized activity remains highest for
the 2 equiv. OAm sample because of the preferential exposure of
exchanged Pt atoms on the surface of the Ag cores (Figure S16).

a) HAuCI, b) 2 eq. PPh
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The galvanic exchange of Au precursors onto Ag@OAm nano-
particles proved analogously tunable using triphenylphosphine
(PPh3) as the organic ligand. In the absence of PPhs, GRR of
HAuCls with Ag? nanoparticles in a toluene and oleylamine solu-
tion results in complete consumption of Au precursors to yield bi-
metallic nanoparticles containing 52% Au (Figure 8a, c). This
fully-exchanged sample exhibits a morphologically heterogeneous
mixture of distorted, hollow, and crescent-shaped AgAu nanopar-
ticles of varying composition. Analogous to the Pt and Pd examples
above, the morphology of the exchanged nanocrystals provides an
indication of the extent of galvanic replacement. Intact spherical
particles exhibit the lowest percentages of Au (<10%) with Au at-
oms concentrated at the surface of the nanoparticle (Figure 9a). At
higher degrees of Au GRR, Au deposits become less uniform with
the observation of Au-rich protrusions atop hollow or crescent
nanostructures.



When HAuCls is treated with 2 equiv. PPhs, we obtain the
Au(PPh;3)Cl complex, which has substantially lower reduction po-
tential than HAuCls or HAuCI based on computed stability con-
stants from the literature.’® Using this complex, the amount of Au
present in the sample after 24 hour GRR drops to 3% relative to
Ag, and the nanoparticles retain the size and shape of the original
Ag@OAm nanoparticles (Figure 8b). The XPS shows ~4-fold
higher percentage of Au compared to the bulk percentage, indicat-
ing surface enrichment of the deposited Au (Figure 8c¢). EDS map-
ping of individual nanoparticles shows intact Ag spheres with thin
Au islands deposited on the surface, each of which contain approx-
imately 1% Au (Figure 9b, S18). Broadening of the Ag 3d XPS
peaks corroborates AgAu alloy formation in the absence of PPh;
and retention of the Ag core when using Au(PPh3)Cl as the precur-
sor for GRR (Figure 8d, S19). The plasmon resonance of the Ag
core is likewise completely retained after the surface-limited GRR
(Figure S20).

Conclusion

In conclusion, we have developed a general method to achieve
surface-limited galvanic replacement reactions of oxidized Pd, Pt,
and Au complexes onto Ag® cores through the tuning of metal pre-
cursor redox potentials. Varying the number and binding strength
of organic ligands coordinated to the precursor complex enables
systematic variation of the reduction potential and subsequent driv-
ing force for galvanic replacement with Ag’. By reducing the ther-
modynamic driving force for GRR, even in the presence of large
excesses of oxidized precursor, hollowing of the metallic core is
completely inhibited, and deposition of the second metal occurs ex-
clusively on the surface of the nanoparticle. In this fashion, we are
able to selectively synthesize bimetallic core-shell structures com-
prising Ag cores with thin AgM alloy or pure M shell layers simply
through modulation of the precursor structure. We anticipate that
the surface-limited galvanic exchange method developed herein
will enable the synthesis of a broad range of core-shell structures
with base metal cores and thin precious metal shells for use in ther-
mal and electrochemical catalysis.

Methods

Synthesis of (TOA)Pd(OAm)xCly and (TOA)Pt(OAm)xBry
complexes. KoPdCls (32.6 mg, 0.1 mmol) was dissolved in 2.2 mL
of 1 M aqueous HCl in a 20 mL scintillation vial. In another 20 mL
vial, TOAB (109 mg, 0.2 mmol) was dissolved in 5 mL toluene.
The colorless TOAB solution was layered on top of the deep orange
K2PdCly solution. The biphasic solution was shaken until the aque-
ous layer became colorless and the non-polar layer turned red, in-
dicating phase transfer and formation of the (TOA);PdCls com-
plex.** The toluene layer was then transferred to a clean vial and
diluted with additional toluene to generate a 5 mM solution of
(TOA)2PdCls in toluene. Varying amounts of oleylamine (6.6-19.8
ulL, 0.02-0.06 mmol) were stirred with 4 mL aliquots of the
(TOA)2PdClasolution (0.02 mmol) for 12 h to obtain Pd(OAm)xCly
(x=0-3).

An analogous biphasic exchange process was carried out using
K2PtBrs, KBrand TOAB to generate the (TOA)2PtBra complex dis-
solved in toluene. The (TOA)2PtBrs complex was then stirred with
the appropriate quantities of oleylamine for 12 h.

Galvanic replacement between metal complexes and Ag@OAm
nanoparticles. Ag@OAm nanoparticles were synthesized based
on a literature method and diluted to a nominal concentration of 10
mM by Ag at.% in toluene.>® To this 10 mM solution of Ag@OAm
(1 mL, 10 pmol), 1 mL of the 5 mM metal precursor solution (5
umol, 0.5 equiv.) was added, and the reaction mixture was stirred
for 24 h at room temperature. The exchanged nanoparticles were
precipitated out of solution using 2 mL of ethanol. The solid ob-
tained upon centrifugation was then redissolved in 1 mL of toluene
to generate a nominal 10 mM solution of AgM nanoparticles.

Electrochemical Methods. Electrochemical measurements to de-
termine the redox potentials of Pd precursor complexes were car-
ried out in a three-electrode setup using a Pine WaveDriver 20 Bi-
potentiostat. The working electrode was a polished glassy carbon
disk.

Cyclic voltammograms (CVs) for aqueous Pd complexes, KoPdCls
and Pd(NH3)4Clz, were obtained at 50 mV/s scan rate in an aqueous
electrolyte containing 50 mM Pd complex, 0.1 M NaClO4 and 0.1
M NaCl under N> atmosphere. Only the 1% CV scan is utilized for
calculating reduction potentials due to irreversible reduction of the
Pd complexes during the CV. The counter electrode was a Pt wire.
Potentials were measured against a Ag/AgCl reference (3 M NaCl)
and converted to the real hydrogen electrode (RHE) reference scale
using:
E (vsRHE) = E (vs Ag/AgCl) + 0.210V + 0.0591V * pH

Differential pulse voltammograms (DPVs) for organic-soluble
(TOA)Pd(OAm)xCly complexes were obtained in THF solution
containing 25 mM Pd complex, 0.1 M TBACIO4 and 0.1 M TBACI
under N2 atmosphere. DPV scans were collected with 100 mV am-
plitude, 20 mV increment, and 100 ms period. The counter elec-
trode was a graphite rod. Potentials were measured against a plati-
num wire pseudo-reference and internally referenced to the ferro-
cene/ferrocenium redox couple. These potentials were converted to
the standard hydrogen electrode (SHE) reference scale using the
following relationships, obtained from the literature.3

Erc/pet = 0.53 V vs. SCE

E (vs SHE) = 0.24V +E (vs SCE)

Hydrogen evolution reactivity measurements were conducted on a
rotating disk electrode (RDE) setup with a Pine WaveDriver 20 Bi-
potentiostat in 0.1 M HCIO4 purged with Na2. To prepare the work-
ing electrode, 10 pL of a 10 mM colloidal nanoparticle solution
was drop-cast on a polished glassy carbon disk. To remove oleyla-
mine ligands from the colloidal nanoparticle surface, the electrode
was rotated at 100 rpm in an ethanol solution containing 0.1 M
TBACI and activated carbon for 30 min. Finally, the electrode was
rinsed with ethanol and air-dried. The counter electrode was a
graphite rod. Potentials were measured against a Ag/AgCl refer-
ence (3 M NaCl) and converted to the real hydrogen electrode
(RHE) reference scale using:

E (vsRHE) = E (vs Ag/AgCl) + 0.210V + 0.0591V * pH

Linear scan voltammetry (LSV) was performed for all samples be-
tween 0.27 V and —0.33 V vs. RHE at 20 mV s! scan rate and 1600
rpm rotation rate. No IR compensation was applied. The geometric
current density for HER is assessed in the 1% scan and the mass of
Pd/Pt on electrode is determined by ICP-OES to obtain mass activ-

1ty.
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